This paper presents two kinds of direct methanol fuel cell (μDMFC) stack in planar array. The silicon-based DMFC stack is designed in a flip-flop configuration using MEMS technology, and the stainless steel stack is fabricated using stamping technology. Compared to stainless steel stack, the flip-flop silicon-based stack may reduce the connection space and lower the contact resistance between the membrane electrode assembly and the plates. Experimental results show that these two kinds of stacks have similar output 6.75mW and 6.77mW at same operation conditions. The performance of the MEMS-based DMFC stack is rather good for application in portable electronic products.
Introduction
Fuel cell technologies show promise for the future development of long-lasting power sources for portable electronic devices such as laptops, PDAs, pacemakers and mobile phones [1, 2] . Micro direct methanol fuel cells (μDMFCs) are currently under investigation due to their potentially high energy density (4333 W h L -1 ) compared to current galvanic batteries (lithium ion battery ~200 W h g -1 ) and liquid fuel storage advantages compared to, for example, the hydrogen fuel cell [3] . A single fuel cell produces a limited voltage, usually less than 1 volt. In order to produce a useful voltage, a number of fuel cells are connected in series. Series-connected direct methanol fuel cells are known as a DMFC stack [4] . DMFC stacks are classified into two types, based on the configuration of electrodes, membrane, and separators. The first type is a monopolar stack, which is assembled by placing electrodes of the same polarity on the same plane of the membrane and then electrically connecting the anodes and cathodes in series. The other type of stack is a bipolar design, which consists of a number of repeated units of a membrane electrode assembly (MEA) and provides a series of electrical connections between the adjacent cells in the stack. It also supplies reactants to each cell through flow channels formed on both side of the plates.
There have been many reports on DMFC stacks. Graphite materials are commonly used in bipolar plates [5, 6] , stainless steel materials can be used as bipolar plates or used in monopolar stack [7, 8] , and silicon materials are also can used in both types of DMFC stack [9] . Some novel kinds of materials were reported as stack substrates, for Procedia Chemistry examples, Takeshi et al fabricated DMFCs in micro-holes on a photosensitive glass substrate [10] , Sung et al utilized thin flexible printed circuit board (FPCB) as stack substrates thus shrinking the monopolar stack's volume [11] . In this paper, two kinds of monopolar DMFC stack were provided, one is silicon-based "flip-flop" stack, the other is 5 single cells in series connection using stainless steel materials. These two kinds of stacks belong to planarstyle connection type which was easy of reactants supplying.
Working principle of direct methanol fuel cell
A DMFC consists of a negatively charged electrode (cathode), a positively charged electrode (anode), an electrolyte (proton exchange membrane) and an external load. An aqueous methanol solution is fed into the anode, where methanol reacts electrochemically with water to produce electrons, protons, and carbon dioxide. The electrons produced at the anode carrying the free energy charge of the chemical reaction are forced to flow through an external circuit to deliver electrical work, whereas the protons can migrate through a proton exchange membrane to the cathode, where they combine with oxygen from air and electrons coming back from the external circuit to form water. The schematic view of the DMFC working principle is shown in figure 1 . 
Design and fabrication MEMS-based of DMFC stacks
In practice, direct methanol fuel cell do not operate as single units; rather, they are connected in a series to additively combine the individual cell potentials and achieve a greater, and more useful, potential. For using bipolar plate as the electrical connection between neighboring cells, the overlapping connections in the direction of a vertical plate were mostly adopted. Monopolar plate is mostly in plane-style connection which is characterized by the distribution of single cells in the plane. This paper presents two kinds of DMFC stacks in planar array using silicon and stainless steel materials, respectively.
Design and fabrication of silicon-based DMFC stack
The silicon-based DMFC stack is employed a novel structure of "flip-flop" which consist 5 single direct methanol fuel cells and every unit is arranged in a row in turn along the identical plane in the cell body part. The series path is oriented in flip flop configuration with electrical interconnections made by thin-film metal layers that deposited the flow channels etched on the silicon substrate, seen in figure 2. The electric connection parts take the small space to have the rather small contact resistance, which is advantageous in the miniaturization of DMFC stack. The DMFC stack consists of three kinds of plates such as bipolar plates of neighboring cells with both anode and cathode flow field in the same side, individual anode plates and individual cathode plates, seen in figure 3 . Both the anode and cathode flow field structure are grid trenches. All the trench entrance of the anode plates are linked with the methanol entrance chamber, and all the exports are connected with methanol release chamber. Similarly, the cathode plates are connected with the air entrance chamber, all the trench exports are connected with the air release chamber. The trenches inside the single fuel cell and the channels of different single cells are relatively independent CO from the flow field. Thus the structure is in favor of the uniform distribution of the reactant and can prevent the leakage of the reactants. This silicon-based DMFC stack is manufactured using MEMS technology. Silicon wafer in 480μm thick was employed as the plates. Both the anode and cathode flow plates were fabricated using anisotropic etching. In order to reduce the resistance, the Ti-Au film is deposited on the silicon wafer. The Au thin film can play a role of collecting the electric current inside the flow field and conduct the electricity in the fuel cell stack. The size of the flow field is 8mm×8mm, each plate includes sever channels of 800μm wide and 150μm deep. The monopolar anode and cathode plate is 16mm×11mm, and the bipolar plate for neighboring cells is 23mm×11mm. Then 5 MEAs are sandwiched between the three kinds of plates formed into a DMFC stack in series. O-rings are used for preventing the leakage of the reactants for every single cell. PDMA in 2mm thickness are employed as the chamber and baffle material which consists of fuel feeding and oxygen feeding structure. The fabrication process of the chamber is obtained by numerical control carving machine which can guarantee for the high graph precision and low surface roughness. The schematic view of the DMFC stack is shown in figure 4 . 
Design and fabrication of stainless steel DMFC stack
Firstly, the plates were made of stainless steel (SS 316) and fabricated by stamping technology. Secondly, the MEA was sandwiched between the anode and cathode plates and was sealed by O-rings. Then the 5 single cells were connected in series formed into the DMFC stack, seen in figure 5 . The fuel is fed to the anode side of the stack in sequence, and the oxygen is fed to the cathode by directly air-breathing.
Results and discussions
Both the stacks were tested at room temperature and normal atmospheric pressure. The 2 mol/L methanol solution is fed to the anode side with a fuel supply speed of 0.05min/L, and air is fed to cathode for supplying the oxygen. As shown in figure 6 , both the silicon-based flip flop DMFC stack and the stainless steel planar DMFC stack can power the LED under the mentioned operation conditions. The power output of the silicon stack is 6.77mW when the voltage is 0.83V, and the power output of the stainless steel stack is 6.75mW when the voltage is 1.82V.
At the similar output, the silicon-based DMFC stack has some advantages compared to the stainless steel stack. First, the silicon wafer can be manufactured using MEMS-technology into monopolar and bipolar plates of the fuel cells. On the contrary, the stainless steel is hard to fabricate and difficult in batch fabrication. Secondly, after Ti-Au coating treatment, the silicon plate has good anti-corrosion capability in DMFC working circumstances than stainless steel materials. (a) (b)
Conclusion
Two kinds of DMFC stack consists of 5 single cells connected in series were introduced. The silicon-based DMFC stack was designed as a "flip-flop" style and was fabricated using MEMS technology. Compared to the stainless steel DMFC stack in planar connection, the flip flop connection way can effectively reduce the space of electric connection and the connection resistance. For stainless steel stack the fuel is fed to the anode in sequence, the liquid-phase fuel pressure may increase a lot when supplying the last single cell. It is solved that the interval distributing of reactant is difficult to supply with the flip flop stack. The unified feed flow and the air feed of the stack are realized, and guarantee the tightness between fluid flow field and the gas flow field. When fed 2M methanol solution and air as oxygen both the silicon stack and the stainless steel stack can power the LED with similar output 6.77mW and 6.75mW, respectively.
